Polyphenylene sulfide-based nanocomposites filled with unmodified multiwalled carbon nanotubes from 0.5 wt% to 8.0 wt% have been prepared by melt mixing technique with a single-screw extruder and hot press. Transmission electronic microscopy and scanning electron microscopy analysis were carried out in order to assess the multiwalled carbon nanotubes dispersion throughout the polyphenylene sulfide matrix. Electrical conductivity of the polymer was dramatically enhanced by about 11 decades between 2.0 wt% and 3.0 wt% of nanotubes, suggesting the formation of threedimensional conductive network within the polymeric matrix. The storage modulus (G 0 ) of neat polyphenylene sulfide presented an increase by two orders of magnitude when 2.0 wt% of pristine multiwalled carbon nanotubes was considered, with the formation of an interconnected nanotube structure, indicative of ''pseudo-solid-like'' behavior. In addition, percolation networks were formed when the loading levels achieve up to 1.5 wt% for multiwalled carbon nanotubes/polyphenylene sulfide composites.
Introduction
Carbon nanotubes (CNTs) are nanoscale carbon-based materials and have received considerable attention by scientists since their first published report by Iijima. 1 This can be attributed to their high aspect ratio (200-1000), low density ($2.0 g/cm 3 ), and remarkable electrical, thermal, and mechanical properties. Several studies involving CNTs have demonstrated that CNT can have moduli and strength levels in the range of 200-1000 GPa and 200-900 MPa, respectively. [2] [3] [4] [5] These excellent properties make them useful for fabricating nanodevices and developing multifunctional composite materials. 6, 7 The interfacial adhesion plays an important role in composites materials. It is known that the development of CNT/polymer composites depends basically on the ability to disperse the CNTs homogeneously in the polymer matrices, i.e., the interaction between the nanofiller and polymeric matrix should be optimized. Yang et al. 8 reported that polymer containing aromatic ring in its structure such as polyphenylene sulfide (PPS) could have strong interaction with CNTs via p-p stacking. Additionally, it was concluded that delocalization and hybridizations of p conduction electrons between nanotubes and polymer containing aromatic ring were common features resulting in polymer adsorption on nanotubes.
The addition of CNT into polymer matrices set a new horizon in the class of materials named electrically conductive nanostructured polymer composites. The high electrical conductivity of CNT (500-1000 S/cm) associated with their high aspect ratio allow the fabrication of materials that have gained popularity in electrostatic discharge shielding and electromagnetic interference shielding applications. [9] [10] [11] [12] The incorporation of CNT within a polymer is responsible for creating a CNT network, which allow a transition behavior from a semiconductive or conductive materials. This transition is a phenomenon known as electrical percolation threshold ( c ), when conductive pathways are formed at a critical filler concentration in an insulating polymeric matrix. The electrical percolation threshold in CNT/polymer composites depends on the dispersion and the distribution of the nanofiller, as well as the type of the polymer and the composite processing method. [13] [14] [15] [16] [17] [18] Additionally, the aspect ratio plays a key role during the electrical percolation threshold study. Pan and Li 16 studied the influence of different aspect ratio on the electrical percolation of multiwalled carbon nanotube (MWCNT)/PP composites. They revealed that as the aspect ratio becomes higher, the formation of percolated conductive network requires a lower CNT content, decreasing the values of c . In addition, according to Bangarusampath et al., 19 lower percolation thresholds are associated with kinetically stabilized networks formed by nanotube agglomeration. On the other hand, higher thresholds can be associated with coating or grafting of the polymer on the CNTs, limiting intertube contacts, or with a high degree of alignment.
As an alternative to electrical characterization, dynamic rheological tests can also be employed in order to understand the formation of CNT network in composites. The dynamic and rheological studies can also predict the final properties including mechanical and electrical properties of the resultant nanostructured composites after processing. Additionally, the rheological behavior depends on the material microstructure, the state of the nanotubes dispersion, the aspect ratio and orientation of the nanotubes, the interaction between nanotubes and polymer chains, as well as nanotubenanotube interactions. [20] [21] [22] It is described in literature that interconnected structures of anisometric fillers lead to deep changes in the dynamic moduli and viscosity. The storage modulus of the nanostructured composites gradually increases with increasing frequency and CNT concentration, indicating a transition from liquid-like to solid-like behavior. The CNT content at which this transition occurs is defined as the rheological percolation threshold. [23] [24] [25] [26] Also, the electrical percolation threshold can be estimated by measuring the rheological counterpart because both of them reflect the formation of an MWCNT network, though these two values are different, depending on the specific composite system. 16 In this study, MWCNT-reinforced PPS was prepared by melt mixing process in a twin extruder. Firstly, the morphology of composites was investigated through transmission electronic microscopy (TEM) and scanning electron microscopy (SEM) observations. The electrical and rheological properties of MWCNT/ PPS composites were investigated by the percolation threshold study. Also, it is understood that the electrical and rheological percolation thresholds can be associated to the network structure formation of MWCNT/PPS composites.
Experimental
Materials PPS (Fortron 0203P6) was kindly supplied by Ticona in pellet form. This polymer presents the following physical characteristics: d 25 
Preparation of MWCNT/PPS composites
Prior to compounding, PPS pellets were ground in order to get fine powder with an average particle size of 200 mm. In attempt to obtain a good dispersion of the nanomaterial, different concentrations of MWCNTs (0.5 wt%, 1.0 wt%, 2.0 wt%, 3.0 wt%, 4.0 wt%, 6.0 wt%, and 8.0 wt%) were physically mixed with PPS. The mixture was added in 200 ml of ethanol and sonicated in an ultrasonic bath for 30 min. Subsequently, the dispersion was partially dried in an oven at 80 C for 5 min, then sonicated for another 30 min, and heated until the ethanol was completely eliminated. A powder mixture between MWCNT and PPS has been obtained.
The melt compounding of all the mixtures was performed in a Killion KLB 100 extruder at 310 C, with a rotor speed of 70 r/min. For comparative purposes, a reference PPS was prepared in the same way.
Samples with mass of about 5 g of the extruded MWCNT/PPS were used to prepare films with a thickness around 0.5 mm. Two flat plates were used as top and bottom surfaces to guarantee uniform thickness of the thin films. In addition, a Kapton film was placed between each plate and the MWCNT/PPS mixture, in order to avoid adhesion of the material to the plates. Subsequently, homogeneous films were prepared using a Carver hot press at 310 C under 10 MPa for 1 min.
Composite morphology
The morphology of MWCNT/PPS composites was observed using a SEM (Zeiss EVO LS-15) operating with an acceleration voltage of 15 kV. In addition, the dispersion of MWCNTs in PPS matrix was performed by transmission electron microscopy (JEOL JEM-2100) using an acceleration voltage of 200 kV. The specimen with thickness of about 70 nm was cut accordingly using an ultra microtome equipped with a diamond knife.
Electrical conductivity
Room temperature electrical conductivity measurements were carried out on rectangular thin film samples (30 Â 10 Â 0.5 mm) using a four-point probe device (Jandel Multi Height Probe) with a spacing probe S ¼ 0.2 cm. A constant current I was applied to the bar specimen through two outside probes with the aid of Keithley 4200 semiconductor characterization system. The samples were freshly cleaned with ethanol prior to measurements. The tests were conducted according to ASTM D257 and the measured volume resistance, R v , was converted to volume conductivity, v , based
where t, A, and R v are the thickness, area, and volume resistance of the specimen, respectively. At least five specimens for each composition were tested to report an average value.
Rheological tests
Rheological measurements of the composites were performed using a strain-controlled rheometer (ARES of TA Instruments) with a 25-mm diameter parallelplate fixture. The samples about 1.0 mm in thickness were melted at 310 C for 5 min in the parallel plate fixture to eliminate residual thermal history and then the small amplitude oscillatory shear measurements were immediately carried out. The dynamic strain sweep measurements were first carried out to determine the linear region. Then, the dynamic frequency sweep measurements were carried out on those samples at the strain level of 1%. All measurements were performed under nitrogen atmosphere, in order to prevent oxidative degradation of the specimens.
Results and discussions Morphological characterization of MWCNT/PPS composites
The evaluation of MWCNT dispersion into PPS matrix was investigated by SEM and TEM. Figure 1 than 1000. Additionally, the highly curved feature of the MWCNT may be attributed to the van der Waals attractive interactions between the individual nanotubes. 27 It can be seen from Figure 1 In Figure 2 , SEM images for the composites containing 1.0 and 4.0 wt% MWCNT are presented. The micrographs show that at 1.0 wt% loading, MWCNT are uniformly distributed in the PPS matrix. However, at high loading levels (4.0 wt%), it can be observed that the nanofillers present some agglomeration, showing some bundles. This result is in accordance to TEM images previously reported in this study.
Electrical properties of MWCNT/PPS composites
PPS is an insulating polymer with an electrical conductivity of 10 À16 S cm À1 that somewhat limits its use in the electronics and aerospace industries. 28 In addition, electrical conductivity higher than 10 À8 S cm À1 is required for electrostatic dissipation, while for electrostatic painting and EMI shielding applications, conductivities greater than 10 À6 and 10 À1 S cm À1 are required, respectively. 11 Figure 3 displays the electrical conductivity of PPS composites, measured at room temperature, as a function of MWCNT concentration. It can be seen that samples with up to 2.0 wt% loading remain an insulating, showing the same behavior of neat PPS. On the other hand, for concentrations higher than that one, the electrical conductivity rises suddenly by more than 11 decades, which means that samples containing more than 2.0 wt% can be considered as electrically conductive. According to Bouchard et al., 29 the electrical percolation threshold is reached when a conductive path is formed across the material from one end to the other. In addition, electrical conduction can be described by direct conduction mechanism, i.e., conductive fillers are in direct contact with each other, helping to form a conducting network within polymer matrix. 20 Further increasing the amount of MWCNTs beyond the percolation threshold, the electrical conductivity only increases marginally. This result can be attributed to the formation of a conducting network of MWCNTs within PPS due probably to the high aspect ratio of the filler as well as its homogeneous dispersion in polymer matrix. 30 It is worth to mention that at 1.0 wt%, the electrical percolation does not exist. On the other hand, samples with 4.0 wt% of MWCNTs show the region where the percolation phenomenon is already established. This information supports the concept of dispersion and homogeneity presented in morphological characterization of MWCNT/PPS composites section. Several other authors have also reported the percolation phenomenon for MWCNT-reinforced PPS composites. Yang et al. 8 reported a percolation threshold of 5.0 wt%, whereas Han et al. 11 reported a threshold of 3.0 wt%. Thus, it can be concluded that the processing conditions of MWCNT/PPS composites used in this work were satisfactory, leading to get a better dispersion of the filler into polymeric matrix and consequently, a lower electrical percolation threshold. Electrical percolation threshold ( c ) can be also estimated by the classical percolation theory. A power law can be used to model conductivity of the form
where, and 0 corresponds to the electrical conductivity of the composite and the conducting component, respectively, r is the concentration of the conducting component, and t represents critical exponent. The values of exponent t were determined from the slope of the linear fitting on a log-log scale as seen in the inset of Figure 3 . According to the percolation theory, 31 the critical exponent (t) can be defined as the average number of contacts per particle at the percolation threshold. For two-dimensional and three-dimensional systems, the values of (t) may range from 1.1 to 1.3 and 1.6 to 2.0, respectively. However, values between 1 and 4 have been consistently reported in the literature, [32] [33] [34] [35] with no dependence on the type of polymer used, preparation method of composites, percolation threshold, CNTs features (length of the tubes, functionalization), or maximum values of electrical conductivity.
Rheological measurements of MWCNT/PPS composites
Melt rheology can provide information about percolated network structure, dispersion state of particles, and the interaction between particles and polymer matrix. Therefore, it is important to study the rheological behavior in order to understand the effect of the nanoparticles on internal structures and processing parameters of MWCNT/polymer composites. 36, 37 The complex viscosity (Z*) as a function of frequency for MWCNT/PPS composites is shown in Figure 4 . In general, the complex viscosity of the neat polymer is characterized by two distinct regions, called the Newtonian region and the shear-thinning region. The effect of MWCNTs on the viscosity can be pointed out at low frequencies and this behavior weakens as frequency increases due mainly to the shear-thinning effect. It is interesting to note that neat PPS and composites with 0.5 wt% and 1.0 wt% present a similar trend, revealing a Newtonian plateau at low frequencies, which characterizes a liquid-like behavior. However, for composites above 1.0 wt% MWCNT loading, the Newtonian region disappears and only the shear-thinning region remains at the frequency from 0.1 rad/s to 100 rad/s. Also, the viscoelastic properties are still dominated by the polymer matrix when the MWCNTs loading is low (below 1.0 wt%), and MWCNT/PPS may experience a transition from liquid-like behavior to solid-like one with MWCNTs loading up to a critical value. The critical concentration at which this transition is observed is known as the so-called rheological percolation threshold. According to Martins et al., 38 above this concentration, the tube-tube interactions play a dominant role in the rheological behavior for the composites, resulting in an increase in the complex viscosity without the Newtonian plateau region, making easy the formation of an interconnected network of CNTs within polymer matrix. Figures 5 and 6 show, respectively, the evolution of the storage (G 0 ) and loss (G 00 ) moduli as a function of frequency for different MWCNTs contents in the PPS matrix, at 310 C. As can be seen from both figures neat PPS exhibits a typical terminal behavior, in which G 0 and G 00 followed the power laws: G 0 $ o 2 and G 00 $ o 1 , due to full relaxation of PPS chains. 39 However, for concentrations above 1.0 wt% of MWCNTs, this terminal behavior disappears and the dependence of G 0 at low frequency is weak, which means that polymer relaxations in the composites are effectively restrained by the presence of the nanoparticles. As resulted, low frequency power-law dependence of G 0 decreases monotonically with increasing nanotube loading, from o 1.73 for PPS to o 0.31 for composite with 8.0 wt%, as listed in Table 1 . These relaxation exponents are less than the expected from the theory, but this is accepted for such kind of commercial materials having large molecular weight distribution. 40, 41 In addition, a similar trend is observed for G 00 . This behavior suggests that nanotube-nanotube interactions begin to dominate, eventually lead to the formation of an interconnected structure of nanotubes, which means that rheological percolation threshold is achieved. Figure 7 shows the storage modulus as function of nanotube content at different frequencies. As can be observed, at low frequencies, the increase in G 0 is not linear with composition. Also, at 0.1 rad/s and 1 rad/s, there is initially a slow rise in G 0 up to 1 wt% loading and between 1 wt% and 2 wt% of MWCNT, a steep slope is observed. This behavior shows the rheological percolation of the material, as previously discussed in this work. On the other hand, at high frequencies (100 rad/s), G 0 increases nearly linearly with the nanotube content, which means that percolation phenomenon can not be visualized at high frequencies.
Rheological percolation threshold (m c ) can be estimated by the classical percolation theory. A power law can be used to model storage modulus of the form
The values of exponent t were determined from the slope of the linear fitting on a log-log scale as can be seen in Figure 8 . As the MWCNTs loadings reach 8.0 wt%, the rheological parameter, G 0 , decreases slightly, as can be seen on Table 1 . The rheological percolation threshold and the critical exponent (t) obtained in this study for MWCNT/PPS composites were 1.5 wt% and 1.94, respectively. This suggests that a high MWCNT aspect ratio and its dispersion in PPS matrix leaded to a lower percolation value. Also, nanofiller network formation affected both rheological and electrical percolation obtained in this work. According to Penu et al., 20 the rheological percolation threshold is reached when the CNT-CNT average distance is between the polymer entanglement distance and twice the radius of gyration, namely, from 10 nm to 100 nm. On the other hand, for electrical percolation, the nanotubes must approach sufficiently to allow contact between particles. The rheological percolation threshold obtained was smaller than electrical percolation, supporting the theory presented in this work.
Conclusions
Polymer nanostructured composites based on PPS and small quantities of MWCNTs were prepared by melt mixing process in an extruder, and the effects of CNTs on the electrical and rheological properties were evaluated.
The morphological observation demonstrated uniform dispersion of the MWCNT throughout the PPS matrix mainly as small bundles or even individual nanotubes at lower loading levels (1.0 wt%). However, at higher loading levels (4.0 wt%), agglomerated MWCNTs regions in PPS matrix were observed.
The electrical conductivity of MWCNT/PPS composites increased sharply around 2.1 wt% MWCNT loading, reflecting percolation behavior. The electrical percolation behavior of the polymer/MWCNT composites has been explained by the power law equation, and the correlation between the electrical conductivity and power law was in good agreement with the experimentally obtained electrical percolation thresholds.
The rheological behavior of nanostructured composites is dramatically affected by the addition of MWCNTs. Both storage and complex viscosity increase significantly after the addition of MWCNT particles at low frequencies. The rheological percolation threshold of 1.5 wt% MWCNT/PPS composites was observed. The appearance of rheological percolation can be associated with the formation of an interconnected structure of nanotubes within PPS matrix. 
